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A B S T R A C T 
The limit of large activation energy is studied for the 
process of simultaneous mixing and chemical reaction of two 
reactants undergoing a one-step irreversible Arrhenius reaction. 
Consideration is restricted to problems of the evolution type 
- like unsteady mixing and boundary-layer combustion - for which 
the solution is uniquely determined in terms of the initial con-
ditions. The continuous transition from the nearly-frozen to 
the near-equilibrium regimes is described. The analysis uncovers 
the existence of: i) An ignition regime, in which a mixing layer 
develops with only minor effects of the chemical reaction, until 
a thermal runaway occurs somewhere within the mixing region;" at 
this location chemical equilibrium then is established rapidly. 
ii) A deflagration regime, in which premixed flames originate 
from the ignition point and move through the mixing region to 
burn completely the reactant not in excess. And iii) a diffusion 
2.-
flame regime, in-which a thin diffusion flame, that is established 
when the deflagration wave crosses the surface where the reactants 
are present in stoichiometric proportions, consumes the excess 
reactants that could not be burned by the premixed flame. This is 
accomplished by a process in which the reactants diffuse through a 
thick layer of reaction products. There exists experimental evi-
dence to support this rather complex picture deduced theoretical-
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1. JNTROVUCTIOH 
The purpose of this paper,is to present an asymptotic anal 
ysis of the mixing and simultaneous chemical reaction of two re-
act ants undergoing a one step irreversible Arrhenius reaction, 
when the activation temperature is large compared with the char-
acteristic temperature o f t tie system. 
Two types.of problems may be encountered in the analysis 
of chemical reactions in unpremixed systems: a) Problems of the 
evolution type, like unsteady mixing and boundary layer combus-
tion without a stagnation point, and-b) Quasy-steady problems 
like stagnation point boundary layer combustion and quasi-steady 
droplet combustion. In quasi-steady problems, within a range of 
Damkohler numbers , multiple solutions exist that correspond to 
different combustion regimes. In problems of the evolution type 
the conservation equations are parabolic, Because the terms rep-
resenting the diffusive effects have second order, spatial deriv-
atives, while those terms representing the local heating or con-
vective effects are first order with respect to time or with 
respect to a spatial derivative that does not appear in the dif 
fusive terms. Then, the solution is uniquely determined in terms 
of the initial and boundary conditions. With increasing values 
of the time-like variable the flow changes from nearly-frozen, 
with incipient chemical reaction effects, to near-equilibrium, 
If .-
with a diffusion controlled mode of combustion, 
Chung et al. (1966) tried to elucidate by a numerical anal 
ysis under which conditions multiple solutions would be obtained in 
problems of combustion in unpremixed systems, so that a "s imple" 
transition from nearly frozen flow to near-equilibrium flow would 
not be possible; they failed to recognize the essential difference 
between quasi-steady and evolution type diffusion flames for which 
the simple transition is always possible. Lindberg and Schmitz 
(1969) indicated» in connection with boundary layer problems with 
surface reactions, how the multiplicity of the steady states is 
related to the ellipticity of the equations, or some feed-back 
mechanism in the boundary conditions. 
This paper is devoted to the analysis of the continuous 
transition from frozen flow to near-equilibrium flow in unsteady 
or evolution type diffusion flames. An asymptotic analysis , for 
large activation energies, of the regimes appearing in quasi-
steady diffusion flames has been presented by Linan (1973) in a 
separate paper. 
The transition from frozen flow to near-equilibrium flow, 
for the problem of simultaneous mixing and chemical reaction of 
two parallel streams of fuel and oxidizer,was analyzed numerically 
by Linan (1961), who also carried out a nearly frozen perturbation 
analysis for the initial mixing region and a near-equilibrium 
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asymptotic analysis of the structure of the thin reaction zone for 
large distance of the origin of the mixing region, or equivalently 
for large DamkBhler numbers. The mathematically similar problem 
of the unsteady diffusion and reaction of a substance through 
another occupying a half space was considered by Pearson (1963) 
who also obtained the equations describing the structure of the 
reaction zone for large times. 
Linan (1963) extended to more general diffusion flames his 
asymptotic analysis of the structure of the reaction zone. Fried-
lander and Keller (1963) described, independently, the structure 
of the reaction zone in a steady one dimensional diffusion layer 
for large DamkBhler numbers. Fendell (1965) showed how these 
asymptotic analysis could be refined by retaining higher order 
terms with the method of matched asymptotic expansions. 
More recent analytical studies specifically devoted to 
unsteady or boundary layer mixing problems are those of tfaldman 
et al. (1969) and Krishnamurty and Williams (1971) where coordi-
nate expansions are obtained for small or large values of the 
time-like variable. These expans ions may be used to describe the 
initial nearly frozen mixing, or the asymptotic near-equilibrium 
conditions. 
Mixing and chemical reaction occur also simultaneously, 
and the resulting equations are again parabolic, in the turbulent 
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mixing of a jet of fuel in a coaxial air stream, A number of numer 
ical studies of this problem have been carried out because of its 
application to diffusive supersonic combustion; see for example Fe-
rri (1964) and Brevig and Shahrokhi (1971), These studies make use 
of some turbulent eddy diffuslvity and fairly complicated reaction 
mechanisms. However, their use of laminar kinetics, that is their 
evaluation of the reaction rates in terms of the local mean values 
of the concentrations is not justified for these unpreitiixed systems. 
As representative of the diffusion flame problems of the 
evolution type, we consider here the unsteady mixing of two half 
spaces of fuel and oxidizer, The problem of the steady mixing of 
two parallel streams of fuel and oxidizer with equal velocities, 
leads to the same mathematical problem as that of the unsteady 
mixing of two half spaces of fuel and oxidizer if the boundary 
layer assumptions are applicable. The extension of the results 
to cases where the streams have different velocities is straight-
forward . The conditions under which the boundary layer assumptions 
will break down are given in section VI. 
Liebman et al: C1970) have carried out experiments of 
flame propagation in an unsteady mixing layer that confirm 
qualitatively the results presented below. Wolanskd and W6j cicki 
(1973) carried out experiments on the ignition of the unsteady 
mixing layer that is formed when a combustible gas flows into an 
oxidizing atmosphere, In order to explain their experimental 
results, they developed a mathematical model that is similar to 
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the one presented hera, and obtained some numerical solutions. 
Closely analogous problems are the vaporization and 
boundary layer combustion of a flat plate of fuel in an stream of 
oxidizer, as considered by hibby and Econonios (1063 ) , tfaldnan et 
al.(lS63), Krishnamurty and Williams (1371), Kashiwapi and Summerfielc 
(107 3) and also the unsteady vapori zation» ignition and combustion 
of a liquid or a solid in a stagnant reacting atmosphere , as treated 
by V/aldman et al.(l rj59), Strahla (1059), and Hernance and Kuwer 
(1-570). 
Host of the ideas and results obtained here are applicable 
to the analysis of ignition and subsequent transition to a diffusion 
controlled regime in more complex fluid ir.cchar.i c situations and 
t o v.. ore c o inp 1 e:-: reaction T e c h a n i s m s . 
In section IX we shall write the conservation equations 
for the unsteady ni::ing case, and indicate how the steady boundary 
layer nixing o? two parallel streams of equal velocities is described 
by the same equations. 
Tli en we shall show how in the lirc i t of large activation 
energies for early titles (or snail Dair,k6h 1 er numbers) mixing occurs 
with very little chemical reaction effects. However, for 
appropriately large times one or two .egions of frozen .flow vrill 
coexist within the flow field with regions of equilibrium flow 
without fuel or without oxidizer. The frozen flow and equilibrium 
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flow regions are separated by thin transitions regions which move 
toward the frozen flow region as premixed flames, burning com-" "".-
pletely the lean reactant in the mixture formed up to that time, 
and leave behind a region of local equilibrium, with the excess 
fuel or oxidizer, mixed with the products of combustion - The two 
types of regions of equilibrium flow are separated by a thin reac 
tion zone or diffusion flame where the reactants burn in a diffu-
sion-controlled situation* 
For large values of the activation energy the premixed flame, 
that separates the regions of frozen and equilibrium flow, becomes 
very thin compared to the thickness of the mixing layer, and it 
may be considered as a discontinuity of the derivatives of the tern 
peratures and the concentrations. If the premixed flame moves suf 
ficiently fast across the mixing layer, the heat conducted from 
the equilibrium region reaches only a transport layer in the frozen 
region which is thin compared with the thickness of the mixing 
layer. The thin reaction zone or premixed flame together with the 
thin transport zone ahead of it constitute a classical deflagration 
wave that appears as a .surface of discontinuity of the concentra-
tion and temperature separating the regions of frozen and equilibrium 
flow. In these regions heat conduction and mass diffusion can be 
neglected when the flame is propagating across the mixing layer. 
Fig. 1 is an schematic showing the evolution of the premixed 
and diffusion flames separating the frozen a,nd equilibrium flow 
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regions, Fig.la corresponds to the case where the difference in 
initial temperatures of fuel and oxidizer is small. The chemical 
reaction effects in the mixing layer can be neglected in first 
approximation; however, the incipient chemical reaction effects 
lead to a runaway in temperature at a certain ignition time at a 
point somewhere in the mixing layer. From this point two de-
flagration waves move fast through the mixing layer burning to 
completion the reactant in defect and leaving behind the reaction 
products and part of the reactant in excess. Two equilibrium 
regions are established by this process which are separated by a 
diffusion flame, 
Fig,lb corresponds to the case where the initial tempera-
tures of fuel and oxidizer are different and lower than the 
adiabatic diffusion-flame temperature. A deflagration originates 
at an ignition point in the hot side and propagates across the 
mixing layer in a short time compared with the ignition time, 
burning completely the reactant in defect; the two equilibrium 
regions left behind the deflagration are separated by a diffusion 
flame, 
Fig.lc corresponds to the case for which the initial tempe-
rature of the hot reactant is larger than theadiabatic flame tem-
perature. In this case there is not a definite ignition point. 
The incipient chemical reaction effects appear, as in the previous 
case, in the hot edge of the mixing layer, leading eventually to 
a. premixed flame that slowly moves across the mixing layer until 
9a. -
it becomes a diffusion flame. As a result of the slow motion of 
the flame the heat released at the flame reaches the whole -mixing 
layer, so that it is not a deflagration wave. 
The time evolution of the temperature profiles is also shown 
in Fig.3 for the three cases considered. The independent coordinate, 
x, is a deformed coordinate normal to the mixing layer to be defined 
later. 
In Section III we carry out a more detailed analysis of the 
ea.rly nearly frozen flow region, so as to show that in a first ap-
proximation the flow is chemically frozen; but the incipient chemi-
cal reaction effects,appearing in the second approximation, lead 
after an ignition delay time to thermal runaway , and the subsequent 
establishement of local equilibrium in a certain point within the 
mixing region. 
In Section IV we analyze the flame propagation process from 
the regions of equilibrium flow toward the regions of frozen flow 
where mixing of the reactants had taken place earlier. 
In Section V we shall describe the near-equilibrium diffusion 
fla,me structure left behind by the premixed flame when it crosses 
the surface where the reactants were in stoichiometric proportions. 
In Section VI we indicate how upstream diffusion has to be 
ta,ken into account in the analysis of the parallel mixing case when 
the premixed flame velocity is of the order of, although smaller 
than the flow velocity, Upstream diffusion was retained in an analy-
sys by Clarke (.1967 a,bl of near-equilibrium diffusion flames by 
using the Oseen approximation for the conservation equations, 
The discussion and generalization of the results is given 
in Section VII. 
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ri. TORMLATTON 
The equations that describe the unsteady one-dimensional 
mixing and simultaneous chemical reaction of two half spaces of 
fuel and oxidizer are: 
Contln.aX.ty 
3p &pU2 
+ = o (1) 3t $x 
where p is the density, t the time• For convenience we define a 
coordinate system in which the origin is the fluid or material sur 
face that coincides at t e o with the original fuel-oxidizer inter-
face and u2 arid x2 are the velocity and coordinate normal to this 
fluid surface. As a result of this choice u = 0 at x = 0 . For 
any other choice of the coordinate system this fluid surface will 
have a velocity and position whose determination will require an 
analysis of the flow in the regions exterior to the mixing layer; 
however, we do not need to carry out this analysis because, under 
the assumptions made below, the structure of the mixing region 
does not depende on the transverse motion of the fluid surface men 
tioned above. 
Spcc.X.z^ and an&tigtf tion&ztivatton 
+ u~ — T ~ — P; 57 ipD -9xT> - ~ r < 2 ) 3t "2 3x2 n p 3^ >2 • .~2 
where a stands for Yj/v, Y2 or -c T/Q and w is the overall mass 
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rate of consumption of fuel, given by 
w/p = H2B(pY1/M1)a(pY2/M2)bexpC-Ta/T) (3) 
for a one-step irreversible Arrhenius reaction, of preexponential 
factor B, activation temperature T , and reaction orders a and b; 
Q is the heat release per unit mass of fuel, and v is the stoi-
chiometric mass ratio oxidizer/fuel. The activation temperature 
T equals E/R where E is the activation energy and R the universal 
gas constant. Although the preexponential factor, B , is considered 
constant in this paper» the results are also applicable to cases 
where B is a slowly varying function of T, Y1 and Y2 , without 
zeroes in the range of variation of these variables. M and M are 
1 1 . -
the molecular masses. 
In order to obtain Eq.(2) as the conservation equation 
for the reacting species and the temperature, we must assume 
equal diffusivities of heat and mass D, and equal and constant 
specific heats c . We in addition neglect the kinetic energy 
associated with the transverse flow when compared with the changes 
in thermal energy. We neglect also the spacial and time varia-
tions in pressure required to produce the transverse velocity 
field, which implies that the mixing region is unconfined. Be-
cause we consider p to be constant we shall not make use of the 
momentum equation'*. 
Equation oj ^tatz 
p = <R/M)pT (if) 
where p is the pressure, R is the universal gas constant and H is 
the local mean molecular weight, which is a function of the mass 
fractions. We shall, consistently with the previous assumptions, 
use a constant mean value for the mean molecular weight H. 
We should add to equations (1) to ( 4 ) a relation giving 
the diffusion coefficient D in terms of the temperature, pressure 
and concentrations. However, we shall assume below that p2D is a 
constant, as this will not affect essentially the results but will 
simplify the mathematical analysis. 
* As a result of this assumption we neglect the effects of pressure 
waves that could eventually generate a detonation wave. 
12.-
As initial and boundary conditions we shall take 
Yl " Y10 * Y2 = ° » T = T10 a t * = ° » x2 > ° a n d a t t > ° » x2 + " 
(5a 
Y1 = 0 , Y2=Y2Q , T = r2Q at t = 0 , x <. 0 and at t > 0, x 2 ^ - -
(5b 
The above system of equations and subsidiary conditions will 
determine the temperature, density and concentration fields for 
times,t,larger than 0. 
We should indicate at this stage that the same mathematical 
problem is obtained when analyzing the process of mixing and simuJL 
taneous chemical reaction between two streams one with oxidizer 
of mass fraction Y
 A n and temperature T„„ and the other with a mass 
10 r 10 
fraction of fuel Y^. and a temperature T * They both flow orig-
inally in the x direction with equal velocity V and are allowed 
to mix for x„ > 0 . 
1 
If the Peclet number VL/D, based on the characteristic 
combustor length L, is large
 ? the boundary layer approximations 
may be used for the analysis of the mixing process. This means 
that we may neglect diffusion in the upstream direction and in 
addition consider the pressure constant. 
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The momentum equation in the x, direction, if we neglect 
the effect of the boundary layers in the separation plate, shows 
that the velocity component v1 is constant v.. = V. 
The continuity equation and the species and en'ergy conser 
vation equations take then the form of Zqs, (1) and' (2) if we 
neglect the kinetic energy associated with the transverse flow 
compared with the thermal energy. The variable t stands now for 
We thus reproduce Eqs.(l) to (H) as describing this paral_ 
lei mixing problem. The conditions for the validity of the ap-
proximations involved as well as the extension to cases with dif-
ferent velocities are left for Section VI. See also Williams (1965) 
Because of the constancy of p2D we may use a Howarth-Dorod_ 
nitzyn trans format ion to reduce Eq (2) to an incompressible form. 
Let us introduce the variables 
T = t / t . and z 1/2 r 2 = (p2Htirx/zI %dx (6) 
where t is a characteristic time which we shall choose later, 
and z is a nondimensional material function originating from the 
continuity equation (1). In terms of these variables Eq.(2) 













in terms of the variables T and n , where 
n = z /2/T (9) 
is the sinilarity variable for the chemically frozen heat conduc-
tion. That is, if we integrate Eqs.(7) or (8) without the source 
term, subject to the subsidiary conditions (5), we obtain the 
frozen flow temperature and concentration distributions 
Yl = Ylf = Y10 ( 1 + e r f Tl)/2 
Y2 = Y2f = Y20 (1 " e r f n ) / 2 (10) 
T = Tf = T + (T20-T10)(l-erf n)/2 
When treating the reacting case, because of the assump-
tion made of equal diffusivities of mass and heat, by using the 
Schvab-Zeldovich procedure, we may further reduce the unsteady 
mixing and chemical reaction problem to the solution of just one 
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partial differential equation, the heat conduction equation for T 
with a source term, which is a nonlinear function of T and r\ . To 
do this, we first notice that the combinations Y./v + c T/Q and 
1 P 
Y. + c T/Q do satisfy the heat conduction equation (8) without 
source terms. So .that when the conditions (5) are taken into ac-
count. we obtain 
Y1/v + c T/Q = * l fA' + cpTf/Q til) 
Y 2 + CpT/Q = Y 2 f + cpTf/Q (12) 
where the terms in the right hand side are functions of n given 
by Eq.(lO). 
The relations (11) and (12) giving the concentration dis-
tributions in terms of T and n, enable us to reduce our 
problem to obtaining the solution of the heat conduction equation 
with a source term which is a nonlinear known function of T and 
n . This equation is obtained from Eq.(7), taking Eqs.(3), (11) 
and (12) into account. If we choose for t1 a characteristic 
chemical time based on the maximum initial temperature, which for 
definiteness we assume to be T , 
1
 f "* Vf H2 V V i o Tio V T l o , _ 
*i = irip
 Y i tp Y ) — ^ f— e ( 1 3 ) 
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In Eq,(14) the reduced concentrations y. - Y. /Y 1 0 and y = y /Y n 
are given, according to Eqs.(ll) and (12), by 
y ± = 1 - x - *vc p(T 1 0-T 2 0)/QY 1 0 " v c p ^ - T l o ) ^ Y 1 0 
^2 = X - XCp(T10-T20)/QY20 " V ^ I O ^ O 
where x = (1-erf n)/2. 
Eq.(14) should be solved with the subsidiary conditions 
(15) 
(16) 
T ~ T 
and 





0 , z > 0 , and for T > 0 
0 , z < 0 , and for T > 0 
z •+ <*> 
>(17) 
An important conclusion that can be obtained from this for-
mulation is that the temperature and concentration profiles for 
different values of the diffusion and heat conduction coefficients 
are similar. The thickness of the mixing layer is proportional to 
the square root of the diffusion coefficients, as can be seen from 
Eq.(6). The time is scaled with a characteristic chemical time 
(Eq.(13)), Thus, the time of thermal runaway or ignition time will 
be independent of the transpor coefficients,although a dependence 
with the Lewis number would appear if we did not consider equal 
diffusivities of heat and mass. 
Because the source term in Eq.(14) is a function of T and 
n (or x) there is some advantage in writing the heat conduction 
17.-
equation (14) in term of the variables T and n as 





 r 10 
2T 9n 4T 3n2 T 
a b , T a T _ T 1 C K y.,y9 exp( . J 1J2 (18) 
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or in terms of the variables x and x if we substitute the left 
9T _ exp(-2n2) S2T 
Zx2 
hand side of Eq.(18) by 
ST 4-TTT 
The boundary conditions are 
T . T 10 for • x > 0 , n -»•
m
 and T = T
 Q for t > 0 , n •> -« (19) 
which takes into account both the initial and boundary conditions 
(17), if we add the condition that T and its first and second 
derivatives with respect to n be continuous at T = 0 . When the 
variable n is replaced';by x- ; the..limit n •*"±*> correspond to x = 0 
and x =1, respectively. 
For small times 
T = Tf(n) + TFi<n> + T 2 F 2 ( T I ) + ""' (20) 
where Tf(n) is the frozen flow temperature distribution 
Tf a T1Q + (T20-T10)(l-erfn)/2 (21) 
and F (n ) i s t h e s o l u t i o n of t h e d i f f e r e n t i a l e q u a t i o n , o b t a i n e d 
by i n t r o d u c i n g E q . ( 2 0 ) i n t o Eq ( 1 6 ) , 
18. 







y a fy 2 fex P 
T -T f - 10-t a_
 i t - 10-j 
IT T J (22) 
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to be solved with the boundary conditions F (-<*>) = F (t«) = 0. 
The temperature at ^ixed n is seen to increase,for small 
values of time x , linearly with T , according to Eq.(20). 
The expansion (20) is not convergent for large values of 
time, when according to Eq.(18),chemical equilibrium should be 
approached. Chemical equilibrium means that y. = 0 on one side 
of a thin reaction region and y = 0 on the other. That is 
For v, < n , or x > x 
e e 
7 l = 0 ,, T = Tf + QYlf/vcp (23a) 
or 
T 2 Q + (l-x)(QY10/vcp+T10-T20) (23b) 
For n > n or x < x^ 
e e 
or 
y2 s 0 »» T = T f + Q Y 2 f / c P 
T = T 1 0 + X C ( 5 Y 2 0 / C p - T 1 0 + T 2 0 ) 
(24a) 
(24b) 
where n (or x ) gives the location of the thin flame where the 
concentration of both reactants vanishes and T takes the adiabatic 
flame value,T ; 
Te = T10 + (QY20/Cp-T10 + T20) W^IO^W ( 2 5 ) 
and 
x c = ( i - e r f n e ) / 2 = T f 1 0 / ( Y 1 0 + v Y 2 ( J ) (26) 
If we would plot, see fig.2, the temperature, at n = r\ for 
example, as a function of time we would get a continuous transition 
e frozen flow value T„(n ). to the adiabatic flame value T . 
r e e 
he purpose of the present work to analyze this transition by 
rig the solution of Eq.(18) with the boundary condition (IS), 
valently the solution of Eq.(m) with the subsidiary condi-
tions (17), for large values of the nondimensional activation energy 
T /T
 rt, and fixed values, in principle ;of order unity, of all the a i u 
other parameters in the. system. 
The fact that the ratio T /T 1 Q appears as a factor in the 
Arrhenius exponent in Eq.(18) makes it clear that the chemical pro-
duction term will become> exponentially large for T > T,. and expo-
nentially small for T < T
 Q unless the difference T - T 1 Q is so 
small as to make T- T.- of order T ? 0 / T a or y = 0 or y~ = 0 . 
It is then clear from Eq.(20) and (22) that for small times 
a small linear increment in temperature above the frozen flow value., 
T-T .^ TT^./T , is obtained with a correspondingly small effect on 
the reactant concentration. However, higher order terms in the ex-
pansion (20) have to be retained when T reaches order unity because ol 
the large effect of the Arrhenius exponent in the reaction rates 
when T (T-T
 Q)/ri 0 becomes of order unity>or larger. The reaction 
rates then become so fast, and thereby the rate of heat release so 
large, that suddenly a thermal runaway leading to the establishment 
of local chemical equilibrium,occurs somewhere in the mixing region. 
The choice of t, , as given by Eq.(l3), as the characteristic time, 
was made so as to have the ignition event occurring at an ignition 
time, TT , of order unity. The factor T.-/T was left in Eq.(l8) 
so that at t ^ i the increment in temperature above the frozen flow 
value was of order Trt/T , as required to initiate the thermal 
1U a 
runaway• 
As indicated before,the limiting forms of Eq.(18) for 
.are, 
T„./T -*-0 and T of order unity /,if we anticipate that the deriva-10 a 
tives of T are of order unity, 
Frozen flow 
T = T f (27) 
or Equilibrium flow with 
y± = 0 (28), 
or Equilibrium 'flow with 
y2 = 0 (29) 
We shall show below, that, within the mixing layer, regions 
of equilibrium flow may coexist with regions of frozen flow. 
When chemical equilibrium is established locally by the 
thermal runaway process,either y or y become zero at that loca-
tion and the temperature increases suddenly from a nearly frozen 
value to that given by Eq.(23) or (24), 
Chemical equilibrium then extends to the other nearly fro-
zen regions of the mixing layer by means of a deflagration wave 
mechanism, see figs. 1 and 3. Heat conducted from the region of 
chemical equilibrium to the frozen flow regions of lower tempera-
ture increases the temperature, and consequently the reaction 
rates, so that equilibrium is finally reached in a region which 
advances toward the frozen flow region at a we 1*1 defined speed. 
We shall see below how two deflagration waves * of small 
thickness compared with the thickness of the mixing layer, origi-
nate at the ignition plane and move accross the mixing layer in a 
time small compared with the ignition time. These deflagration 
waves, or premixed flames , locally consume one of the reactants 
leaving behind the products of the reaction, together with the 
fraction of the reactant that was in excess. When the deflagra-
tion wave crosses the surface where the react ants were in stoichio_ 
metric proportions (n = n in our case), a thin diffusion flarae is 
e 
established, where the reactants that were not burned by the 
prefixed flame are consumed after diffusing accross the layer of 
products of the reaction, 
We shall first analyze in section III the ignition period 
where the incipient effects of chemical reaction lead eventually 
to a thermal runaway, We shall then analyze in section IV the 
structure of the premixed flame or transition region between the 
regions of frozen flow and equilibrium flow. From the analysis 
of the structure of the premixed flame we shall obtain the local 
premixed flame propagation velocity which will enable us to calcii 
late the trajectory of these flames in the (x.,t) plane. 
III. IGNITION STAGE 
Small relative temperature increments, (T- T 1 n)/T 1 n , of 
order T.../T suffice to increase the reaction rate by a large fa£ 
tor and thereby produce the precipitous rise in temperature lead-
ing to local equilibrium. To show this we shall write the ex-
ponential Arrhenius factor in the form 
exp(-Ta/T) = exp(-Ta/T10)exp'{TaCT-T10)/T10T} 
For small temperature increments, CT-T1fl)/T10 , of order T' /T 
the argument in curly backets of the last exponential is of order 
unity, and the reaction rate changes from its value at the tempera 
ture T. by an important factor. (For example, this factor is 20 fot 
CT-T10)/T1() = 3T 1 0/Tj. 
To describe the ignition stage we shall therefore write 
Eq.(14) in terms of the variable. 
* « CT-T^T/T,. C30) fJ a' 10 
We thus o b t a i n 
. T . -Ca + b)
 = , • + e "
1 C T . / T l i n - l ) 
Ti rf~=^+e*) yay2 exP — T f / T i o + £^— C31) 
where e i s t he s m a l l p a r a m e t e r T . „ / T , and 
i O a 
y j s i - x - c*cpT10v/QY10 
y2 = x - e*cpT10/QY20 
and 
VT10 - 1 " (T10-T20} X/T10 
where x = (l-erfn)/2. 
This equation is to be solved with the initial conditions <f> = 0 
at T = 0, and the boundary conditions ^ = 0 at z + i » , 
-1 The negative term e (Tf/T1Q-1) in the Arrhenius exponent 
is indicative of the fact that the chemical reaction will be 
quenched for z such that T-p/T... is well below 1. Unless the ini-
tial temperature difference of both reactants is small enough 
to make 
61 = ( 1 _ T20 / T10 ) / £ ( 3 2 ) 
of order unity, the chemical reaction will be confined in the ig-
nition stage to a thin region where the frozen temperature is 
high, close to T . We shall begin with the analysis of the case 
when B ^ 1, 
Ignition §OK manty tquat JLyiitiat £wty^Ka£uti&_& 
If in Eq.(31) we 'now take the limit e -*• 0, for fixed B„ 
1 
of order uni ty , we obtain the equation 
-14 *2±-
 B x
b ( l -x ) a exp rj-BjJ] (33) 
if we anticipate that $ and its derivatives remain finite in this 
limit process . 
We could also obtain Eq.(33) by neglecting terms of order
 e 
in Eq.(31); or by inserting in Eq.(31) an expansion of <j> in terms 
of e and equating terms of equal order in e. Notice that Eq.(33) 
results from calculating in the energy equation the reaction rate 
in terms of the frozen reactant concentrations and by linearizing 
the Arrhenius exponent around the temperature T„„. 
10 
Eq.(33) gives the temperature increment above the frozen 
flow value in terms of the variables T and z . Eq.(33), or more 
exactly the equation with the heat conduction operator written in 
terms of the variables T and ri , was numerically integrated for 
several values of 8. and a =b =1. Some of the resulting profiles 
4> C n» T > or <(>(X,T) are shown in figs. H and 5. 
The temperature increment $ becomes infinite at T = T and 
n = ri- thereby determining the ignition delay and ignition spot. 
Fig.6 shows how <f>. increases with t at T\ = nT } and in fig.7>TT and 
x_ are shown as a function of 6-. When $> becomes large compared 
with 1, the neglected terms in Eq,(31) will become important and 
Eq.(33) and its solution will not adequately represent the tempera 
ture distribution. However this occurs at T so close to' T that 
the ignition delay will be only slightly modified by this term. The 
infinite in <f> is due to the linearization of the Arrhenius exponent; 
instead, the temperature $ , as given by the solution of Eq.(31), 
does not increase to infinity when.t and n approach T and n, but 
grows rapidly until either y, or y- become very small. 
Ignition joK di^UKtht initiat t£mpj.tLcituti£& o^ the, A.&actanti 
When P1 becomes largCjthe nT of ignition moves toward the 
region of higher initial temperatures. The Arrhenius exponent 
causes the heat release in the ignition stage to be negligible in 
regions where e (T,-/T10-l) = - B,. x is a large negative number; 
the chemical reaction is therefore confined to the region where 
f^ x = £ , the appropriate variable for the description of the re-
action region,is of order unity. For the analysis of the reac-
tion region in the ignition stage we first write the energy equa-
tion (31) in terms of the variable x = (l-erfn)/2 so that we ob-
tain the equation 
exp(-2n2) 
HUT *xx = [l-^.!*^] 
(a+b) 
a b 
y1y2 e xP 
* "
 P l x 
1 - e S ^ x + e<J> , ( 
Notice that the second term of this equation combines the 
convective and diffusive terms of Eq.(18) . We shall show that 
this equation in the reaction region simplifies in first approxi-
mation to the form given by Eq,(38), representing a quasi-steady 
balance of the diffusive-convective term and the chemical produc-
tion term, because 
i) The chemical production term takes for small e and large 
£>- the simplified form 
y£ expU-^x) = g~b(S-g<fr)bexp(<fr-S) 
ii) The factor exp(-2r|2) in the dif f us ive-convective term can 
be replaced for small values of x» corresponding to 0,x of order 
u n i t y , by i t s a s y m p t o t i c form 
e x p ( - 2 n 2 ) = 4TTX2TI2 
where the factor n2 in the right hand side can be replaced by a 
constant large number n? , given below by Eq . (35 ) , with relative 
errors of order 1/n2 . To show this, we replace the factor x2 in 
the above equation by 52/j32 and take logaritms; then, we obtain 
a relation giving a constant value n1 for in , namely, 
n2 = ln(P1/2/iT) - lnn1 (35) 
if a term, -In? , is neglected in the right hand side. In the 
reaction zone, where £ is of order unity, the relation between %. 
and n is simplified to 
r\ = na - (l/2ri;L) In $ (36) 
showing that the reaction zone is located around z= n^/T with a 
thickness of order /rVru . 
The convective-diffusive term is thus seen to be of order 
TI?/T . If we want n2/t to be of the order ,$1 , of the reaction 
term, the characteristic time for the ignition stage roust be of 
order $.n? , As a consequence , for the analysis of the reaction 
layer in the ignition stage, we shall use the variables 
K - p1x and Tt = T/P nj (37) 
Khen Eq.(34) is written in terms of these variables, we find 
that it reduces, if we neglect terms of order 1/n? compared with 
those retained, to the ordinary differential equation, 
•
5 2 T I 1 + « (e-p$)"expu-e) , 
where T. acts as a parameter together with g,(A) 
( 3 8 ) 
B
 =
 C p C T 1 0 - T 2 0 ^ Y 2 0 (39) 
Notice that the left hand side of Eq,(38) is obtained from Eq.(18) 
if the unsteady term is neglected, the factor n in the convective 
term is replaced by n1 , and Eq.(36) is used as the appropriate 
simplified relation between n and E, in the reaction zone. 
Eq.(38) will be integrated with the boundary conditions 
$(0) = 0 , (t»r(m) = 0 . From the results of this integration we 
shall obtain $(«>) = ^ ( ^ J * 
The boundary condition 4> ,-(<») = 0 for the solution in the re 
action zone is obtained from the matching conditions with the so-
lution of the heat conduction equation in the much thicker chemi-
cally frozen region, n/n1 < 1. In this region, where n^n^j Eq.(18) 
simplifies to 
3<fr 9* 
3T. 2T. 3n = 0 
O*0 ) 
(*) The parameter ft measures the initial difference in temperature 
of oxidizer and fuel relative to the increment in temperature 
due to the reaction. According to Eq.(2 5 ) , the adiabatic flame 
temperature T is larger than T1 , if (3 < 1 , and viceversa if 
P ^ li 
because the diffusive term is of the order 1/n? compared with the 
terms retained, and the chemical production term is negligible, 
The general solution of Eq.(40) is § = f (n2T . ), or equiva-
lently $ = f,(z), where the function f is to be determined from 
the matching conditions, for n -> n.
 t with the solution for the re 
action region. Thus, the temperature increment due to the chemi-




In the region where n % 1, or negative., <£ is zero in first approxi-
mation. 
Fig. 8 shows 4(5) f°r b = l , several values of T 1 , and three 
representative values of (3 , as obtained by numerical integration 
of Eq. (38). Fig. 9 shows $ in terms of T,, for several values of £. 
From the results we notice that if S <1> there are two values ^"'of 
<fr for all times lower than a maximum value T_H , which is a func-
tion of g , and no solutions for t, < T T 1 ; T T 1 becomes infinite 
when 3 approaches 1. For (3 > 1 , the relation § (T,. ) is single-
valued . , When $ < 1 an,d T approaches T
 T1 , 9<|> /9T^ becomes infinite 
and the quasi-steady equation (38) ceases to be valid because the 
time derivative can no longer be neglected in Eq . (34 ) . We may 
then expect that the solution of the complete energy equation will 
show that the temperature will keep increasing very rapidly so that 
local equilibrium,with y2 = 0, will be reached shortly after T =T-M» 
(*) The model equation (38) does not provide an upper bound for 
the temperature increment $ , and consequently no triple valued 
solutions are found for A ( T J as sometimes occurs in other 
* *° J-
combustion problems, 
The non existence of solutions of the quasi-steady Eq.(38) for 
B < 1 at times larger than T_ , and the rapid increase in chemical 
heat release at times close to T may be used as indicative of 
ignition, and T T 1 may be considered as the ignition time. 
which arc 
For times of the order of T II large when 1- B is small, 
and for large T when 8 > 1, the numerical solutions in Fig.8 shorf 
the existence of a region where chemical equilibrium (4> = £/8) has 
already been reached. This region is separated from a region of 
frozen flow (<[> = i>a) by a transition reaction region located around 
£ = £<t>n where <J> is large. This transition region is thin compared 
with the equilibrium region, at smaller £, or the chemically frozen 
region, at larger 5- We may use the fact that tya, in these cases, 
is a large number, to obtain analytical expressions for ^ ( T . J S ) 
and T (8). To do this we shall pose our problem so as to find 
the solution of Eq.(38) and the value of T for which $(«•) is a 
given large number 41 • We shall only consider here the case b = 1. 
Anticipating that for large 4> the chemical reaction will 
only be important at values of £ close to the large value 8$^
 s and 
that there the deviations of <£ from its local equilibrium value £/fi 
will be of order unity, we shall write Eq . (38) in terms of the 
dependent variable y, proportional to the fuel mass fraction, 
Y = in - • (42) 
and the independen t v a r i a b l e t, , 
c = [ e - B U W + P 0 ) ] / B ( 4 3 ) 
The s t r e t c h i n g f a c t o r g > and t h e a d d i t i o n a l t r a n s l a t i o n 8p 
(which we a n t i c i p a t e t o be of o r d e r u n i t y ) a r e chosen so as t o 
ob ta in a c e r t a i n n o r m a l i z e d e q u a t i o n , E q . ( 4 7 ) and boundary 
c o n d i t i o n s Eq.(48 ) L in th e limit <f> •* » * 
When Eq.(38) is written, in terras of y and £ >it takes the 
form > 
ll + (C + P0)/*J d2Y/dC2 = Ayexp|-Y+(1-S)d (44) 
where 
A = T16^2exp^l-e)(<fw+po)] (45) 
Eq.(44) must be solved with the boundary conditions 
Y = 0 at « = -<*.+?„> 
Y - C = p for C •* *> 
(45a 
(46b! 
These boundary conditions correspond to the conditions $ = 0 at 
4 = 0 , and $ = <f> at 5 •*• » > respectively. 
It is not difficult to show that the factor A in Eq.(44) 
may be chosen arbitrarily, and then p (A, f3, <|> ) will be obtained 
as an eigenvalue when solving Eq.(44) with the boundary condi-
tions (46). Because these equations have no solution in the 
limit 'fj,, •*• "> unless A = 1/2, we shall choose A = 1/2 in Eq.(44). 
The problem of solving Eq.(44) for large $w turns out 
to be a singular perturbation problem. There is an inner reac-
tion layer where the appropriate independent variable is K. • In 
addition, there is an outer layer to the left, where the appro-
priate independent variable is 5 , with the chemical reaction 
frozen to orders exponen-tially small in $a if & < 1, or in equi-
librium if 6 > lft. To the right of the inner reaction layer, 
-1 the chemical reaction is frozen to all algebraic orders in <£„ , 
so that Y - £ = P ; the eigenvalue p admits an expansion in 
o o 
-1 powers of <f> beginning with a term of order unity. 
The first approximation for Y , within the reaction layer, 
can be shown to be given by the equation, 
2d-y/a(,- = Yexpt -Y + mi;) ^47^ 
where m = l-E5, to be solved with the boundary conditions 
y = 0 for 5 •*• -» , and yr = 1 for X, ~* ™ (48) 
* It sho-uld be noticed, however, that because of the factor £2 in 
Eq.(38), chemical equilibrium will always exist for all values 
of T., in the region where £2 is small enough to make the 
reaction term dominant if £ - 8$ does not tend to zero with £ 
faster than £' Even though the chemical reaction is frozen for 
£ <<f? and 6 <1, equilibrium must exist there in the first ap-
proximation, if matching with the reaction layer is to be pos-
sible. 
This equation has been integrated numerically to obtain 
y (C,m), and, as part of the solution, we then obtain the first 
approximation for p , p = (Y -? )„, which is a function only of 
m shown in fig.10; also shown in fig.10 is Y
 y.which is identi 
cally zero for in <_ 0. There are no solutions for in. > 1/2, or 
6 <_ 1/2. 
The second approximation for $ in the equilibrium or frozen 
region for £ < £<t>m is given by <> = 5/B - CT_<te/ ^  * „ • 
Asymptotic methods may also be used (Lifian 1973), to ob-
tain analytical'expressions for (yO and y „ in terms of m , for vaJ. 
ues of m close to 1/2, 0, or large negative m. By taking into ac-
count these asymptotic expressions,the following correlations ,with 
relative errors of the order of 2 per cent or lower, were found 
for (Y-?) as a function of m. 
m(Y-t) = 1.344 m - 4m2 (1-m) / (l-2m) + 3m3 - In (l-4m2) 
for m > - 0.2, and 
m(Y-0„ = -ln(0.6307 m2-l.344m+ 1) 
(49a) 
(49b) 
for negative values of m, 
With p known as a function of $ , Eq.(45), with A = 1/2, 
provides a first approximation to the relation between T , <f>m 
and & , as 
x± = (l/2&) + ^expfca- D(tw+.P0> (50) 
valued only for & > 1. For 3 < 1, 4>„(T.) has two branches; the 
lower branch is not a good approximation to the solution of Eq.(35) 
unless 1-P is moderately small, because the values of $ are not 
lar;;e enough to wake the asymptotic treatment applicable. 
If (1-&) is small, the ignition time, TI-» and the flane 
location at that time, £ =0^- , are ftiven by 
TI1'=2c"2/(l-B)2 , ^T = 2 3/(1-3) (51) 
corresponding to tins v a l u e i>^ = 2 / ( 1 - S ) of ^ t h a t makes x th« 
liaxinui-i in e q u a t i o n (5-J) . 
Tor s m a l l e r valuer? of f'», T
 T ((i) jsunt be o b t a i n e d from t h e 
niu-^rical s o l u t i o n of V,q . ( 38) . A f-ood a n a l y t i c a l c o r r e l a t i o n of 
.hose numer ica l r e s u l t 3 i s £ i v e n by 
2 -"? T T 1 = 2e " ( ? - £ i ) / ( l - 3 ) ' (52) 
It 13 easy to obtain a second approximation for the value 
of x ana TT, for lar/e values of $ . In ?.q. (^ H) the first term 
in brackets is expanded for larrcc $ and ths resu?,tin^ en u at ion 
* ^ t o • * 
i s manipulated so as t o o b t a i n an e q u a t i o n s i m i l a r t o (Ll7) . 
The second a p p r o x i m a t i o n t o t h e v a l u e of T , i s : 
sxp < e - i > U , . + p 0 > 3_( i - ^ . l l i a . 3*i ( 5 3 ) 
where p , as a function of 6 , is given by Eq,(49), 
Eq.(53) can be used to obtain a second approximation to 
the value of TT1 , for small values of (1-6). The resulting expres 
sion is Eq.(52), which turns out to be a good correlation of the 
numerical results. (For example, for 6 = 0, Eq. (52) gives 
T_ = 0.541 while the numerical results give T T, = 0,54-7). 
The relation (52) gives explicitly the ignition time, for 
3 >1 and b = 1 , in terms of the physical and chemical parameters 
of the system, if Eqns. (13), (35) and (37) are taken into ac-
count, Because for 6 -* 1 , ? is large, £ - 2/(1-6), in the re-
action region, the n. appearing in Eq.(37) for T , should be re-
defined by replacing p. in Eq.(35) by g.(l-g)/2. 
It should be noticed that the ignition time does not de-
pend on the transport coefficients. It depends only on the ini-
tial thermodynamic state of the reactants and the chemical ki-
netic parameters of the reaction. 
It is clear that the analysis may be used to predict the 
ignition time when a premixed reacting mixture is suddenly put 
in contact with a hot inert gas, or the ignition delay length 
of a premixed reactant stream flowing parallel to a hot inert 
stream. With minor modifications this analysis may also be used 
to predict the ignition time in a wide variety of problems. Some 
examples are, the ignition of monopropellant and bipropellant 
droplets, and gas phase ignition of a solid propellant in contact 
with a hot gas. 
IV. THB PREMIXEP FLAME STAGE 
We have found in the previous section that, if g < 1 , due 
to the large sensitivity of the reaction rate with temperature, 
the chemical heat release causes the temperature to rise precipi-
tously at a certain ignition time, at a certain place somewhere 
in the mixing layer. It is clear that the local rise in tempera-
ture must cease when one of the reactants is completely consumed 
at the ignition spot; there, the final temperature will be given 
by Eq.(lS) with y, = 0 or by Eq.(16) with y„ = 0 , depending on 
which of the reactants is in defect. 
These facts were well demonstrated for small values of 
1- |J; for which it was found that, well before ignition occurred, 
a thin reaction layer, or flame, was separating a region of frozen 
flow from a region of near-equilibrium flow. The reaction layer 
was found to move in time toward regions of increasing initial 
increasing 
fuel concentration and thereby of^final equilibrium temperature; 
for this reason the flame propagation velocity keeps increasing 
with time. 
The heat released at the reaction layer is conducted both 
to the frozen region, ahead of the layer, and to the near-equilib 
rium region, behind. Because- during most of the ignition stage 
the thickness of the near-equilibrium region is small compared 
with the thickness of the, inert, unsteady transport layer y the 
heat loss toward this layer from the reaction layer was neglected, 
resulting in the boundary condition ^t-t") s 0 for Eq.(38). As a 
consequence of this approximation the propagation velocity of the 
reaction layer became infinite at t = T , 
However, when T. approaches f , the propagation velocity 
becomes so large that heat conduction ahead of the flame can not 
take place so rapidly as to make the thickness of the unsteady 
transport layer large compared with the thickness of the near-
equilibrium layer. Therefore, the boundary condition <{> r (°°) = 0 
should no longer be used. The fact that, for T , close to T , 
the unsteady transport layer is then thin compared with the mixing 
layer will be used below in order to simplify the Eq.(40 ) , which 
describes how the chemical heat release is conducted and stored 
ahead of the reaction layer. 
For $> > 1 and large T. , we also found a thin reaction re-
gion separating a region of equilibrium flow from a region of 
frozen flow, In this case, however, the flame moves in time toward 
regions of lower final equilibrium temperature; thereby, its prop-
agation velocity becomes so small that the characteristic time for 
motion of the flame across the mixing layer is large compared with 
the time necessary; for the heat released at the flame to be con-
ducted accros the mixing layer. In this case the time derivative 
in Eq.(40) turns out to be negligible; and the temperature in the 
transport layer will be given by <j> = (1-x )<t> , as long as the 
equilibrium layer is thin compared with the mixing layer. Because 
for sufficiently large values of T. this is not the case, Eq.(38) 
can not then be used in the equilibrium and reaction layers. 
Flamt propagation &OK TIQ~T2Q > Q^O^o 
We shall now analyze the flame propagation process for 
6 > 1 and large values of T . Guided by the results obtained in 
the previous section, we anticipate that a thin reaction layer 
set around x = x (T) < x , separates a region of frozen flow from p e 
a region of equilibrium flow, at x< x , (where x is not so close 
to x as to be in the reaction region). 
In the equilibrium region, according to Eqs.(15) and (16), 
T
 '
 Ti0 a "* (T10-T20-Qlf20/Cp) (5ti) 
and 
y2 =0 », y1= 1- * < 1 + V Y 2 0 / Y 1 0 ) <55> 
In the frozen layer, ahead of the reaction zone, the tem-
perature distribution obeys the heat conduction Eq.(18) (without 
the chemical source term), with a moving boundary condition, 
T=T (T) at xsx ( T ) , originating from the matching conditions 
with the solution for the reaction layer. Tr/ T) ^s t^ie fi r s t 
IT 
approximation for the temperature in the reaction zone. 
Because the changes- in temperature and concentration across 
the reaction zone, as well as the reaction zone thickness,will be 
found to be small, of order T /T (compared with the transport 
p a 
zone), in the first approximation we may patch at x= x (T) the 
solution, Eq.(54),for the equilibrium region to the solution in 
the transport region. 
The movement of the reaction layer is so slow (that is 
x (T) and T (T) are such slow varying functions of time) that, as 
Jr r 
indicated above, the time derivative term in Eq,(18) turns out 
to be also negligible. The temperature for x> x (x not to close 
to x ) is then given by the local similarity solution, 
T = T2Q + (Tp-T20)<i-x)/Ctxp) (56) 
where T i s t h e v a l u e of T g i v e n by E q . ( 5 4 ) a t x = x , 
V T 1 0 - X p ( T 1 0 - T 2 0 " Q Y 20 / C p ) (57) 
In order to determine now X ' ( T ) , or T _ ( T ) , and the tempe-
rature distribution in the reaction layer, we pose the inverse 
problem of calculating the value of T which causes the temperature 
to take the value given by Eq*(54) in the equilibrium region for 
x < x (because there the characteristic chemical time will be GX-
P 
ponentially large for large values of T /T ), and the value given 
a p 
by Eq.(56) in the frozen region for x > x (where the chemical 
time will be exponentially large). 
To obtain the temperature distribution in the reaction 
layer around x = x we will follow the procedure followed in the 
p 
previous section to obtain Eq.(t7). We shall give the details 
of the analysis only for the case b = 1. 
We should write Eq.(14) in terms of the dependent varia 
ble Y = V„QY„ftT /c T2 , or equivalently, 
J2 20 a p p n J 
Y = -T (T-T ) / T 2 - ( x - x MT, , . - T o n - Q Y o n / c )T / T 2 ( 58 ) 
a p p p 10 zv j.Xi p a p 
and the i n d e p e n d e n t v a r i a b l e 
5 =. - PQ t ( Q Y 2 0 V c p T p ) U " X P ) / ( 1 " X P ) ( 5 9 > 
which are chosen, together with p , so that for large values 
of T /T , we obtain Eqs.(47) and (48) to determine the first 
a p 
approximation for Y ( C ) . The resulting value for m in Eq.(if7) 
is negative, and given by, 
m = (1 - p)(l -x_) (60) 
The t r a n s l a t i o n p in Eq . (59) i s given by the r e l a t i o n 
exp (-2n^ > 
P 
^ ^ 2 3 *p 
f P P v r_i£' 
^20 a p 
3ta 
exp a a 
10 p 
= 1 (61) 
where 
IP 
X p ( l + V Y 2 0 / Y 1 0 ) (62). 
and 
1 - erf n - 2x 
P P 
(63) 
We should notice that Eq.(t+7), which describes the reac-
tion zone structure, represents a balance between the chemical 
production term and conduction, or diffusion, normal to the flame. 
When calculating the reaction term, a constant value is taken for 
the oxidizer concentration y, in the reaction layer, and the 
Arrhenius exponent is linearized around the value T of T.. 
P 
The stretching factor in c » which results in the expres-
sion (60) for m, was chosen so as to obtain the boundary condition 
Y = 1 for 5 + » from the matching conditions with the outer solu 
tion Eq.(56). From these conditions we also obtain, 
<Y - 0 „ = p, (64) 
which when substituted in Eq,(61) yields, if Eq (49b) is taken in_ 
to account, an approximate relation giving T in terms of T with 
ir 
relative errors of order T/T . 
P a 
When T approaches T » the resulting value of T tends to 
infinity, because y •*• 0. However, the preceeding analysis is 
ip 
then no longer applicable, and should be replaced by an analysis 
in which both y. and y_ should be considered small, of the order 
T/T , in the reaction zone. For these large values of time, the 
e a 
region x<x is in equilibrium (with y^ = CO* while the region x ^_ x 
is in near-equilibrium,(with y. << 1). The detailed analysis 
of this stage, which corresponds.to a diffusion controlled mode of 
combustion will be given in Section V. 
Tlatnz propagation £on, TJQ- r20< ^IQ^p 
If 3 < 1 , the thin reaction zone, that sets the flow in 
near-equilibrium, once it has been established at T>. close to xT1, 
moves across the mixing layer in an interval of time which- is 
very short compared with the ignition time. 
Because of this fast motion of the reaction layer, the 
heat released by the chemical reaction will only reach a transport 
which i.? 
layer,\^ thick compared with the reaction layer but thin compared 
withthe mixing layer at the time of ignition. The transport layer 
precedes the reaction layer in- its motion across the mixing layer. 
Ahead of the transport layer the temperature and concentration 
take Lthe frozen flow values, Eq.(10), if we neglect terms of 
order T.n/T due to the effect of the chemical reaction during 
the ignition stage. 
The reaction layer together with the transport layer 
form a thin transition layer, through which the temperature and 
concentrations jump from its frozen flow values just ahead to 
values very close to equilibrium just behind. This transition 
layer is a classical deflagration. An analysis of deflagration 
propagation for large activation energies was carried out 
by Zeldovich and Frank-Karoenetsky (1936). Later,this analysis 
was refined and carried out to higher orders, by means of sing\i 
lar perturbation methods, by Jain and Kumar (1969) and Bush and 
Fendell (1970). 
If the activation energy is sufficiently large, the chem 
ical reaction takes only place in a thin reaction zone, which we 
may then place around a certain x (t) » where the temperature is 
very close to the equilibrium value T at x = x . 
i 
The reaction layer leaves behind a region in near-equi-
librium, where Eqs,(54) and (55) will hold in the first approxi-
mation, if x < x . The reaction layer,after crossing the sur-
p e ' 
face x=x , leaves behind, in addition to the region, x< x , 
where as before y„ = 0 in the first approximation, a second region, 
x >x>x , where y. ^  0 but y. =0. These two regions are sepa-p e *. l 
rated by a thin reaction zone, around xs x , which is a typical 
thin diffusion flame to be analyzed in Section V. 
In the transport layer preceding the reaction layer, 
where the reaction terra turns out to be zero to all algebraic 





 3 X 2 
which we shall write in terms of the variables T and £ = x-x ( T ) , 
anticipating that t, fx «1 in the transport zone. We thus obtain* 
for large T /T , in the first approximation 
a p 
x 2 •> 
•• 3T ^ r p i • 32T 
x_ — + (_P_) _i_i_
 = 0 (66) P
 Hn TV H2 
where x = dx /dx , and E = ^Trx2exp ( 2n 2 ) . P P P P P 
He have not i n c l u d e d i n E q . ( 6 6 ) a t e rm ( S T / S t ) ^ , b e c a u s e 
i t t u r n s out t o be n e g l i g i b l e compared w i t h t h e two r e m a i n i n g 
terms in the e q u a t i o n . 
Eq . (66) has t h e s o l u t i o n 
T
 =
 T 1 0 + C T 2 0 - T 1 0 ) x p + ( X P Q Y 2 0 / C p ) e x P { - V % 2 y x - * p ) } ( 6 7 > 
which for l a r g e v a l u e s of
 TE ( x - x )x x^ t e n d s t oward t h e f r o z e n 
• r p p P P 
flow so lu t i on . In a d d i t i o n , for x = x , T t akes the value 
IT 
T = Ta0 + Xp(QY20/cp-T10+T20); so that the solution, Eq.(67), 
for the transport layer matches with the one corresponding to 
the reaction layer, in which the deviations in temperatures 
from T are of order T /T . From Eq.(67) it can be seen that 
P P a 
E TX x » 1 if x - x << x in the transport layer. 
P P P P P 
For the analysis of the reaction zone , we introduce , 
as we did when analyzing the case & >i , the dependent variable 
Y = y„(T ft )QYOA/c T , which is given by Eq. (58), and the in-l a p /u p p 
dependent variable £, to be substituted in Eq.(18), 
t = -po t (x-xp)(Ta/Tp)(QY20/cpTp)(Eptx"axp) (68) 
The stretching factor in Eq.(68), and the translation p are 
chosen so as to obtain, for b = l , Eqs . (47) and (48), when de-
termining the first approximation for Y in an asymptotic analy-
sis for large values of T /T . The matching conditions with 
° a p 
the solution, Eq.(67), for the transport layer yield Eq.(64) 
and the stretching factor in Eq.(68) . The parameter m appearinj 
in Eq.(47) is in this case a small number given by, 
m = (1-S)/(E T X _ 1 X ) 
P P P 
(69) 
and therefore p = 1.344, as 'given by E q . ( 4 9 a ) . Taking i n t o ' a c -
count the d e f i n i t i o n of p given above, we o b t a i n the r e l a t i o n 
XX' 2va E _ 1 >lp p 
c T 2 3 T 
_P_£ 1 t i 0 
a+3 
4
 20 a p '10 P J 
(70) 
where a factor exp (1.344 m) has not been included because m<<l. 
From Eq.(70) we obtain two values.for /xx as a function 
P 
of x , one positive and the other negative. These values corre-
spond to deflagrations moving toward the regions of increasing 
and decreasing x » respectively. 
The trajectories of the two flames can be obtained by-
quadrature , if we add an initial condition 
x = x, 
P i 
at T . 
1 
(71) 
If we could; artif itially,' at a certain T = T.< x _ , rise 
locally the temperature somewhere in the-mixing layer (x = x . ) , 
so that local equilibrium, with y5 - 0, would be very rapi-dly 
established there* x. and T . would then provide the initial con-
dition, Eq.(71). Two deflagrations , originating at the sur-
face x ~ x. , would then move across the mixing layer to put it 
in equilibrium. Their trajectories would be obtained by inte-
grating Eq. (70), if x. < x , by means of a quadrature, with 
the initial condition Eq.(71). In performing this quadrature 
we may use with advantage the fact that T /T is large i x or J D
 a p - P 
T may then be taken as constant in Eq.(70) except in the expo-
nential, which may be linearized. The resulting expression for 
T as a function of x is, for




2 ( / 7
- ^ i } - iaQy20a-e) ^yf-E*
1 
IP P ^ 2 0 T a 
at3 
•) {—) exp(; 
c T 3 T.. 
2-2^ f„10 
T 




The time required for the V to move across the 
region "x > x."is very short compared with time required for p i 
the motion of the flame across the region"x < x.", 
p i 
s^^d^ 0 f t h e deflagration 
The oxidizer concentration V ~ y , goes to 
* XT 
zero when the flame approaches the surface x = x , where the 
reactants are»before ignition, in stoichiometric proportions. 
The reaction zone analysis^ which led to Eq.(70),must then be 
substituted by an analysis in which both yn and y- are consid-
ered small, of order T /T , through the reaction zone. After 
e a 
crossing the surface x= x
 y the variations of y across the re-
action zone become:small compared with its mean value; Eq.(70) 
may again be used to calculate the flame propagation velocity 
with the roles of y. and yQ exchanged> and some minor additional 
modifications. 
For this one-dimensional analysis to be directly appli-
t 
cable, the ignition source must also have a one-dimensional 
U7.-
structure; however, the ideas used here could also be used to 
analyse the flame propagation process through a one-dimensional 
mixing layer,when the ignition source is point-like,as occurred 
in the experimental work of Liebman et al. (1970). 
When ignition is associated not with an artificial source 
of heat but with chemical heat release, the ignition analysis 
of Sect III, which resulted in thermal runaway at ( X , T _ ) , pro-
vides the initial condition for Eq.(70) if the difference between-the 
initial temperatures of oxidizer and fuel is small ( (5 *v 1). Eq, 
(72) shows that the time required for the flame to move across 
the mixing layer is small compared with the ignition time, so 
that the factor T appearing in the left hand side of £q.(70) may 
be written as T_ and consequently 1 ( /T- / T ) may be replaced 
by (T-TJ)//! in Eq.(72) for x < Xj . 
The analysis of Section III provides the spontaneous ig-
nition time T_ , for 1 > & ^ 1 , as 
I ^e > u P ; w 20 10 l l a ' 10' 
where 
n* = m{(Ta/T10)(i-T20/T10)(i-B)/MAT}- m ^ 
but does not provide, unless 1-£<<1, a similarly well defined x_ 
to be used with x_ as the initial condition for Eq.(70). This 
initial condition should be obtained from an analysis of a tran-
48.-
sition stage tor T close to T T , in which the time derivative 
term left out of Eq.(38) should be retained. The time involved 
in this transition stage, and the time required for the flame 
to move across; the mixing layer to the region where T is again 
close to T , can be shown, by order of magnitude arguments, to 
t>« snail, of order 1/n,2 compared with the ignition time t , 
When 1-3<<1, Eq.(51 ) may be used to obtain the value of 
x to use as the initial condition for Eq.(70), if the resulting 
value 
-1 _ 1 
Xj = 2(1-6) <T 1 0/T a)U-T 2 0/T 1 0) (74) 
Jo snail compared with one. Otherwise, we may use Eq.(61) for a 
r.?r* accurate determination of the ignition time x and ignition 
»?ot x. . Although the analysis leading to Eq.(61) was carried 
cjt under the assumption 8^-1 , it is not difficult to sbow^by 
direct substitution, for example)that it can also be used to 
calculate the temperature distribution at times T of order (1-6) 
:-'.sr to ignition, if 1-£<<1". The lower branch of the X'(T) relf 
J P 
'-'*:., resulting from Eq. ( 61) ,; gives the position of the reaction 
-•? to times very close to the ignition time.' The relation 
given by Eq.(.61) may become single-valued if <l-B)Ta/T10 is 
!
"^* enough; in this case Eq.(61) describes the continuous 
--l.cn from frozen flow to equilibrium flow. 
49.-
V. THE V1FFUSI0H COUTROLLBV STAGE 
When the premixed flame reaches the surface x = x , in the 
e 
case & >1, or after crossing the surface x = x in the case £} < 1 , 
e 
a thin r eac t ion region i s e s t a b l i s h e d around x = x , where the r e -
e 
actants burn after diffusing through the reaction products from 
both sides of the flame. This thin flame separates two regions 
is 
which are under near-equilibrium conditions; on"eVwithout fuel and 
the other without oxidizer>in the first approximation. That is 
outside of the reaction zone , in first approximation, 
yx = 0 for x> xe (75) 
y2 - 0 for x< xe (76) 
the concentration of the other reactant and the temperature are 
then obtained from Eqs.(15) and (16). Higher order approximations 
will introduce corrections of order T /T to these values of y„ 
e a 1 
and y_ , for appropriately large values of T 
For the analysis of the reaction zone following Linan (19' 
we introduce the variables r and 2 defined by the relations, 
y1 * (Te/Ta)(r-Z)/A (77) 
y2 = ( T e / T a ) ( Y 1 0 / v Y 2 0 ) ( r + 2 ) / A ( 7 8 ) 
where the f a c t o r T /T i s inc luded so as t o make T and Z of ordei 
e a 
50.-
unity in the reaction zone. The parameter A will be chosen below, 
{Eq.(83)}( so as to obtain a certain normalized equation and bound 
ary conditions {Eqs (84) and (87)}when calculating the first ap-
proximation for P (z) for large values of T /T . 
When analyzing the reaction zone we may, in first approx-
imation, neglect the unsteady term in Eq (IS) and consider the 
factor exp(-2n2) as constant and equal to exp(-2n ). This is 
equivalent to setting a balance between the chemical heat release 
and conduction normal to the reaction layer". In addition, the 
energy conservation equation may be further simplified, because 
the deviations, in the reaction zone of the temperature from the 
adiabatic flame value T will be found to be small, of order 




 rt(T_/T_ ) y^jfcxp 
T (T-T ) a e 
3x e 10 a e 
(79) 
where 
K = ^exp(2nf)(^) 
T ^tb + i T 
e' ^ T 
T T 
(=£) exp(-^ ~) 
xa *10 e 
(80) 
When Eq.(79) is written in terms of the variables T and Z, 
r = A(T /T ) 
3. © 
(vc /QV10)(Te-T) - {1 + (20-i)'(yY2O/Ylo)}(x-xe)/2 
51.-
and 
Z = A(Ta/Te)(l+vy20/yi0)(x-xe)/2 , <82) 
If we choose 
6 4 X20 10 x10 
I 
we obtain the equation 
i 
a b 
rz2 = (r-z) (r+z) exp{(r+gZ)/A} , (84) 
where 
g = {1 + (2e-l)vY20/Y10}(l+vY20/Y10)"1 (85) 
and 
A = Ave T /QY_ . (86) 
p e 10 
The matching conditions between the solution of Eq.(84) 
and the first approximation, Eqs (75) and (76), for the solution 
in the outer regions,provide the boundary conditions for~Eq,(84): 
r„ = -1 for Z •+•-» ,, r„ = 1 for Z •+ <*> (87) 
The function r(z>g>A) was obtained by numerical integratio 
of Eq.(84), for a = b = l , by Lilian (1973). Only one solution exist 
for g>l (or $ >1) and all values of A; however t the resulting 
values of V are large for A << 1 and, therefore, the asymptotic 
analysis leading to Eq.(84) is then no longer valid. Forjg|<l, 
there are two solutions for all values of A above a minimum value 
52.-
A (e) and no solutions for A <A . Tig.11 shows some typical result 
m ° m 
The asymptotic value of (T-Z) is a measure of the devia-
tion from equilibrium; it tends to zero for large values of A in 
one of the solutions, which is the only one with physical mean ~ 
ing'. - The fact that (f-Z) is different from zero indicates 
that there is leakage of oxidizer through the reaction zone. Fig. 
(l2) shows (r-Z)^ as a function of A for several values of g . 
The numerical results for & (g) may be correlated, with 
errors of one percent, by the expression 
A* = e(l-g) 1 -(l-g)tO.26(l-g)2tO.055(l-g)3 (88) 
which has the correct asymptotic form for small values of (1-g). 
For large values of A , r(z) is given by the solution of 
the equation 
rzz = <r-z)<r+z) (89) 
which was obtained by Lifian (1961) when analyzing the diffusion 
flames structure for l'arge reaction rates* with the boundary 
conditions Eq . (87 ), 
A thin diffusion flame separating regions where the re-
actants do not coexist in first approximation, does not exist for 
B*l if y is-lower than a minimum value,x ,given by Eqs.(83), (86) 
53.-
and (86). However the resulting value of T is very small compare. 
with T- unless 1-& << 1; the:corresponding values of A are for 
T > T . »very large compared with 1, so that the reaction zone is 
extremely thin and its structure is described by Eq.(89) with the • 
boundary condition (87). 
For values of $ > 1 there is not an equivalent minimum value 
of A (or T ) , below which Eq,(84 ) would not have a solution with 
the boundary conditions, Eq.(87). However if A « 1 the resulting 
values of (r-Z) become so large compared with 1, that this thin 
flame analysis is no longer valid, and it should be replaced': 
by the flame propagation analysis of Section IV. 
54.-
VI. LAMINAR MIXING kUV CHEMICAL REACTZOM OF WO PARALLEL STREAMS 
When studying the laminar mixing and simultaneous chemical 
reaction.between two parallel streams of fuel and oxidizer, the 
boundary layer approximations may be used to simplify the problem, 
if the appropriate Peclet number, VL/D,based on the characteristic 
extent of the combustion zone in the strearawise direction is large 
As a result of the neglect of upstream diffusion, under these ap-
proximations , the governing equations become parabolic , as occurs 
with the equations describing the evolution of unsteady mixing 
layers. See Williams (1965). 
Marble and Adamson (IS 54 ) used the boundary layer approxi-
mations to analyze the process of ignition of a reactive stream 
by a hot parallel stream of its reaction products. It is clear 
that this problem,and the more general problem of chemical reac-
tion between two parallel streams,admits an asymptotic treatment 
for large activation energies, following the ideas developed in 
the previous sections. 
In particular, if both streams have equal initial veloci-; 
ties V , the equations describing their mixing and chemical reac-
tion reduce exactly to the equations for the unsteady mixing laye 
with x1/V replaced by t, if the boundary layer assumptions are 
applicable. The ignition delay length, x.- , may then be obtained 
55.-
from the ignition time, t , as x,, - Vt ; so that for the boundary 
layer approximations to be applicable, the Peclet number V2t_/D 
must be large compare to 1. . 
The flame propagation analysis for 0 < 1 , in Section IV, ca: 
not be used to describe the deflagration waves originating in the 
ignition point, unless the resulting flame propagation velocity 
is very small compared with V; in this case the flame is tilted 
downstream so much that only diffusion normal to the mixing layer 
is important. When the flame propagati on velocity, corresponding 
to the local mixture, turns out to be comparable although smaller 
than the flow velocity, the boundary layer assumptions may still 
be used to calculate the ignition delay length. However to caJcuJ 
the flame trajectory we can no longer use directly the analysis of 
Section IV because: 
a) Diffusion normal to the flow direction should be re-
placed by diffusion normal to the flame in both the thin reaction 
layer and in its preceding thin transport layer. 
b) The chemical heat release causes the density to decrca 
and,therefore, the mixture to expand if the mixing layer is un-
confined; this expansion takes place only crosswise to the flow 
direction if the boundary layer approximations are used. But, it 
is clear that the aerodynamic flowfield induced by a premixed 
56.-
flame oblique to the flow direction includes large velocity per-
turbations both transverse and longitudinal to the original flow. 
A detailed analysis of this problem would, however, end up in 
showing that the streamwise extent of the region where the bound-
ary layer approximations can not be used is small,of the order 
of the thickness of the mixing layer at the ignition point, com-
pared with the extent of the ignition region, 
If, somewhere in the mixing region, the flame propagation 
velocity is larger than the flow velocity, the flame would move 
upstream after ignition, until it would sit at a distance, 1 , 
from the origin of the mixing layer such that Vl/D ^1 , The bound_ 
ary layer assumptions can not be used, in this case, to calculate 
the ignition length, or study the ignition region. However, at 
distances x1 downstream such that Vx-^ /D >> 1 the reaction becomes 
diffusion controlled, and the boundary layer assumptions together 
with the thin flame assumption can be used to describe this procet 
57.-
VII* COUCLUSTOMS AMV GENERALIZATION 
We have found that several stages exist in the evolution 
of unsteady mixing layer between two gases undergoing an Arrhenius 
irreversible reaction with a large activation energy. 
In a first "ignition" stage the chemical heat release is 
small so that the mixing appears to be frozen; however, it may 
cause the reaction rate to increase by a large factor during the 
last part of this stage, and thereby produce a thermal runaway, 
characteristic of ignition. 
The character of the ignition stage, and the later evolu-
tion of the flame, depend on the value of the difference between the 
initial temperatures of the reactants, and on whether the final 
adiabatic flame temperature T is larger or less than the maximum 
o 
initial temperature,?..' 
A thermal runaway, characterizing an ignition time, does 
not exist if T ~ T i n is sufficiently small or negative. In the 
other cases an ignition time may be defined, t = t_,TT , where t. 
is given by Eq.(13), and T is a function of $1 = (T10-T2o) (Ta/T^ 
represented, for a =b =1 , in Fig.7, for 3. not too large. For 
61 >> 1 , Eq.(73) is an approximate expression for the ignition 
time if (l-6)T„/T„„ is large *. 
* In this case the ignition time may also be inferred from ex-
pression (61) in the way described in page ^S^or & close to 
one. 
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It should be noticed that the ignition time does not 
depend on the transport coefficients. It is of the order of the 
minimum ignition time that we would obtain in the mixing layer, 
when neglecting the effects of heat conduction and diffusion. 
Local chemical equilibrium is established rapidly as a 
result of the thermal runaway. Fig.l shows schematically the 
trajectories of the premixed flames occurring after spontaneous 
ignition. Fig.3 shows schematically the distributions of tempe-
rature in terms of the variable.x for different values of time 
corresponding to the various regimes. From these temperature 
profiles the reactant concentration profiles could be easily in-
ferred, if Eqs.(15) and (16) are taken into account. 
Fig.la corresponds to the case T
 0 " T 2 Q % 'i'^/T , when two 
classical deflagrations originate at the ignition point and 
move toward the edges of the mixing layer where they slow down and 
thicken considerably. One of the flames leaves behind a thin 
diffusion flame when crossing the surface x = x , where the re-
actants were prior to ignition in stoichiometric proportions. 
For large values of T 1 Q-T ignition occurs at the hotte 
edge of the mixing layer. If T >T
 Q , as represented in Fig.lb* 
a classical deflagration. will then move rapidly across the 
mixing layer to burn.the reactant locally in defect ; again, after 
-Completely 
59.-
crossing the surface,x=x , a diffusion flame will be established 
e 
there. The A.e£lagrcl'lion. will slow and its preceding transport 
layer will thicken when the flame temperature decreases below 
the value T.-. . 
If T <^id » a s s n o w n in Fig,1c , a thin flame originating 
at the hotter edge will move slowly across the mixing,layer with 
a transport layer ahead,covering the whole mixing layer,where the 
temperature and reactants have locally similar distributions. 
Upon reaching the surface x = x ,tbe motion of the reaction layer 
ceases,and a thin diffusion flame is established)where, later, 
the reaction is diffusion controlled. The same type of result is 
obtained for small positive values of T ~ T. - if the activation 
temperature is not too large. In these cases the trans ition from 
the frozen flow solution to the equilibrium solution is smooth, 
and is described by Eq.(61 ) . 
Because of the large number of nondimensional parameters 
involved in this problem, we do not attempt in this paper a para-
metric analysis of the results.' 
The rapid transition from a nearly frozen form of mixing 
to a diffusion controlled mode of combustion, resulting from a 
local thermal runaway and a subsequent deflegration wave, will 
be found when analyzing a wide variety of problems of chem-
ical reactions in unpremixed systems. It is clear that if an 
60.-
overall reaction rate is applicable and the activation energy is 
large, the methods and ideas developed here may be used to calcu-
late the ignition time and the deflagration wave system which fol 
lows. 
Many of these ideas may be used to cover more complex rate 
expressions. The extension to cases with more realistic transport 
coefficient is easy. 
Finally these ideas can be used to simplify the analysis of tur-
bulent mixing with chemical reactions in unpremixed systems. Mixing 
at the molecular scale must occur before combustion takes place in 
turbulent flow. Around each eddy of fuel a layer will exist, where 
mixing with the surrounding eddies of oxidizer takes place at the 
molecular scale. This mixing will be enhanced by the stretching 
of the mixing layer due to turbulence. However, it appears very 
likely that the ignition time for each of these layers wi.ll still 
be of the order of the one predicted here for the laminar case. 
Once ignition occurs, a deflagration wave will establish a diffu-
sion flame surrounding each eddy of fuel; the subsequent turbulent 
combustion will be diffusion controlled, as in the analysis by 
O'Brien (1971) of turbulent mixing of two rapidly reacting species 
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N O M E N C L A T U R E 
a Reaction order, Eq.(3). 
A parameter defined in Eq.(83) 
b reaction order, Eq.(3) 
B preexponential factor, Eq.(3 ) 
c specific heat at constant pressure p 
D diffusion coefficient 
E activation energy 
E - 4irx2exp(2n2) 
P P P 
g parameter characterizing the diffusion flame structure , 
defined in Eq.(85). 
m parameter appearing in Eq.(47) characterizing the structure 
of the reaction zone of premixed flames. It takes different 
values in different sections, 
M mean molecular mass 
P pressure 
p Q eigenvalue of Eqs . (M-7 ,48 ) s (y-e)„ 
Q heat release per unit mass of fuel 
R universal gas constant 
t time 
t1 characteristic chemical time defined in Eq.(13) 
T temperature 
T activation temperature = E/R 
a K 
uj velocity component in direction 2 (normal to the initial 
interface) 
w fuel mass consumption 
x = (1 - erf n)/2 
x„ coordinate in direction 2 (normal to the initial interface) 
y reduced mass fraction > introduced in Eq.(14 ) 
Y mass fraction 
z non-dimensional material function defined in Eq. Q.S) 
Z stretched coordinate for the diffusion flame, defined in 
Eq.82 





h = Ta ( T10- T2o ) / T10 
•y variable proportional to the fuel mass fraction appearing in 
Eq.(17): it takes different forms in different sections. 
T independent variable for the diffusion flame structure, de-
fined in Eq.(81 ) 
A reduced DamkShler number defined by Eq.(86) 
A minimum or extinction value of A 
m 
e small parameter = T.„/T 
10 a 
£ stretched coordinate for the premixed flame structure de-
scribed by Eq.(47). It takes different forms in different 
sections of the paper. 
Cl " x " xp* T* 
'i 
similarity variable defined in Eq (9). 
gives the approximate location of the reaction zone during 
the ignition stage, jfjpjr given by Eq. (35) 
A eigenvalue of Eqs.(44) and 0 6 ) , defined in Eq.C.451, It 
equals 1/2, 
v stoichiometric mass ratio oxidizer/fuel 
p density 
T ' non-dimensional time = t/t. 
T. non-dimensional time defined in Eq,(37) 
+ non-dimensional temperature increment due to the chemical 





e asymptotic conditions at the infinitely thin diffusion flame 
f frozen 
I refers to the ignition time and location 
p asymptotic conditions at the infinitely thin premixed re-
action zone. 
&5.-
UST OF FIGURE CAPTIONS 
Fig.l Schematic showing the evolution of frozen and equilibrium 
regions, and the premised and diffusion flames separating 
them. 
Fig.2 Schematic showing the transition of the temperature from 
its frozen to its adiabatic flame value for different 
values of T„ft. 10 
Fig.3 Schematic showing the evolution of the temperature profiles. 
Fig. 4 Non-dimensional temperature increments due to chemical reac_ 
tion during the ignition stage for small initial differ-
ences in temperature. 
Fig. 5 Same as in Fig. M-, in terms of the variable x = (1-erf it)/2. 
Fig.6 Non-dimensional temperature increment at x= x. , showing 
thermal runaway at T * T- . 
Fig.7 Ignition location and ignition time as functions of 
ai * (Ta/T10>(T10-T20)* 
Fig.8 Temperature increment due to chemical reaction during the 
ignition stage, for initial differences in temperature of 
the order of the adiabatic flame temperature, as predicted 
by the quasi-steady analysis for the reaction layer. 
Fig.9 The maximum increment in temperature resulting from the 
66. 
quasi-steady analysis of the ignition stage. For B< 1 
the relations ^ ( t j are double branched, and only the 
lower one has physical significance. 
Fig.10 Asymptotic values resulting from the Eqs.(47) and (48), 
describing the reaction zone structure of premixed 
flames. 
Fig.11 Internal structure of the reaction zone in the diffusion 
controlled stage, as resulting from the numerical solu-
tion of Eqs.(84) and (87) for a = b = 1. 
Fig.12 Leakage of oxidizer through the reaction zone as a func-
tion of the nondimensional time A3, resulting from the 
quasi-steady thin diffusion flame analysis. 
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